In this paper, a new method of replacing the conventional honeycomb aluminum panel with 3D metal printing on the microsatellite is presented. The multiobjective optimization method is used to optimize the temperature difference, compression strength, shear strength, and weight of the new type of solar panel structure. The relationships between the structural parameters and optimization targets are established, and the influence of five factors on thermal and structural properties is analyzed. Finally, a group of better structural parameters of the panel is obtained. The relative deviations between simulation analysis and model are 27.45%, 6.12%, 1.365%, and 3.27%, respectively. The optimization results show that the regression model can be used to predict thermal and structural properties of the panel, and the establishment of the model is effective. The analysis results show that the performances can be improved by 91.62%, 46.94%, 17.91%, and 10.28%, respectively. The optimized results are used for 3D metal printing, and the new type of solar panel is obtained. It is proved that the method can effectively improve the thermal and structural properties of the panel and can effectively shorten the development and manufacture cycle of the panel and also reduce the cost. It has high engineering application value.
Introduction
A solar array is very important in spacecraft because it can convert solar energy into electric power and ensure the continuous operation of spacecraft [1, 2] . Its main structure is usually made by aluminum honeycomb plates owing to their low density, controllable strength and stiffness, and energy absorption [3] [4] [5] . Aluminum honeycomb plates have been widely used in aerospace, train, vehicle, and communication fields [6, 7] . They are used in the solar array [2, 8, 9] , structural support [8, [10] [11] [12] , and energy dissipation because they can undertake load, absorbing impact kinetic energy, radio waves, and thermal conversions [4, 5, [13] [14] [15] .
The honeycomb aluminum plate is a sandwich structure that consists of upper and lower layers consisting of thin sheets and a lightweight aluminum honeycomb in the middle. The thin sheets are commonly made of aluminum or composite material [12, 16] . Owing to its composite structure, a honeycomb aluminum plate has poor thermal conductivity properties when exposed to the sun in space, which can cause a serious temperature change in the solar cell, resulting in heat not being released in time and therefore a decrease in power generation efficiency [17] . Thermal control is crucial in solar panels, and many studies to effectively control their temperature within a permissible range have been conducted. Thornton and Kim [18] and Chung and Thornton [19] studied the thermal response of solar arrays via numerical simulation when the day and night temperature alternated and provided the temperature change results. Ding et al. [20] proposed a method that combined time and temperature fields to analyze the thermal conduction condition of a solar array structure, and the method was proved to be effective for describing thermal nonlinearity. Yang et al. [21] utilized an equivalent conductivity method, which considers all the factors that can cause a temperature change, to calculate the temperature changes of foldable solar arrays; their findings could inform the selection of a suitable launch time. Li et al. [22] established a simplified model method to analyze the temperature change for a rigid solar array when the spacecraft was in a low earth orbit via a numerical simulation, and the result showed that the method could describe the change tendency of the temperature field. Li et al. [23] proposed a new thermal model for a composite solar array that was in orbit heat flux, and the analysis results showed that the model could be used to predict the temperature distribution of the whole solar array.
The honeycomb aluminum plate cannot be directly used in the panel or satellite structure, and it is necessary to add inserts in its interior. As the inserts directly determine the mechanical properties of the honeycomb aluminum plate, they are a critical component of the honeycomb aluminum plate [24] [25] [26] [27] [28] [29] [30] [31] . When inserts are added to the honeycomb aluminum plate, local stress concentration will increase and cause damage to the structure. This damage usually starts with the debonding of the insert structure from the honeycomb aluminum plate, resulting in breakage of the honeycomb core and destruction of the honeycomb aluminum plate [32] . Therefore, studying and solving the change in the properties of a honeycomb aluminum plate due to the addition of inserts is meaningful for the application of honeycomb aluminum plates.
Burchardt [33] studied the fatigue performance of a sandwich structure with inserts via a fatigue test and simulation, and the results showed that the stiffness of the insert material had no influence on fatigue crack propagation. Demelio et al. [34] investigated the fatigue behavior of a honeycomb structure that was subjected to bending, compression, and shear loads by static and fatigue tests and found that the final failure was due to the compression of the surface layer in the loading area under the action of static load and that the failure was caused by the debonding of the surface layer and the core under the action of the fatigue load. Bozhevolnaya and Lyckegaard [28] proposed a new core insert structure design, whose design parameters were studied with the help of a finite element model. The result showed that the design could greatly reduce the level of damage to the local effect in the face. Cao and Grenestedt [35] evaluated two types of joints under bending and shear loads, and the test results showed that the two types of joints had excellent strength that was close to the strength of the composite sandwich reference sample. Toftegaard and Lystrup [36] developed a finite element parameter method to select a stronger T-joint, and the results, which were verified by simulation and tests, showed that the proposed method could improve the strength and decrease the weight of the T-joint.
The thermal conductivity performance of the honeycomb aluminum plate is poor, and the structure must be pre-embedded to ensure the strength of the installation. The honeycomb aluminum plate is usually purchased from a factory. Generally, it cannot be produced directly by the satellite development unit, which will lengthen the cycle of the plate manufacturing. In addition, the aluminum alloy plate is used directly, or the solar cell is attached to the circuit board as the solar panel on CubeSat [37, 38] ; however, the thermal conductivity and structural strength of the panel are poor, and the weight will be overweight, which will directly affect the life of the solar cell and the power generation efficiency. The thickness of honeycomb aluminum used for solar panels on large satellites is 6-30 mm [39] , with a weight of 4-5 kg/m 2 . Furthermore, the cost of the panel is very high and cannot meet requirements as the cost of a microsatellite is several million yuan. Therefore, it is urgent to develop a new type of solar panel. A board structure may be used to solve the highlighted shortcomings of a honeycomb aluminum plate.
In this paper, a new method of replacing the conventional honeycomb aluminum panel with 3D metal printing on the microsatellite is presented. The multiobjective optimization method is used to optimize the compression strength, shear strength, comprehensive temperature difference, and weight of a new type of solar panel structure. The relationships between the structural parameters of the panel and the optimization targets are established, and the influence of the five factors (the distance between the I-shaped beam and the end of the two layers of aluminum substrate A, the width of the I-shaped beam d, the thickness of the upper and lower two layers of the aluminum substrate t, the number of I-shaped beams n, and the thickness of the new type of solar panel z, respectively) on temperature difference, compression strength, shear strength, and weight are analyzed. The optimized results are used for 3D metal printing, and a new type of solar panel structure is obtained. It is proved that the presented method can effectively improve the temperature difference, compressive strength, shear strength, and weight reduction of the panel. At the same time, it can effectively shorten the development and manufacture cycle of the panel and also reduce its cost. It has a high engineering application value. Owing to the tight supply of electricity in an IOT satellite, it is necessary to add a solar array drive assembly (Sada) system to the satellite to track the orientation of the solar panels to the sun. The structures of the satellite and panel are shown in Figure 1 . The symmetrical layout of the satellite has two sets of Sada systems with a total of eight solar panels, each of which is 400 × 375 mm 2 , and the solar cell with a total area of 1.2 m 2 , which can guarantee a long-term supply of 170 W power for the satellite.
If the honeycomb aluminum plate with a thickness of 6 mm is used, the thermal conductivity performance is poor, as the temperature of the solar cell will rise to 60-80°C after the sun's long-term irradiation, and the power generation efficiency will decrease by 30-50%, which will lead to insufficiency of the power generation efficiency of the panel. As a result, the satellite will not function normally. The connection, installation, and fixing of solar panels requires the use of several holes. It is necessary to insert structural parts on the honeycomb aluminum plate. The local stress concentration will affect the structural strength of the panel and will also increase the weight of the plate. The total weight of the panel is estimated as 5 kg. The new type of solar panel achieved with 3D metal printing can enhance thermal conductivity performance and strength and has a lower weight. The 3D printing method has been used in many fields, as it can effectively improve volume utilization and weight reduction and reduce the cost [38] [39] [40] [41] [42] [43] . An analysis of the temperature difference, compressive strength, shear strength, and 2
International Journal of Aerospace Engineering weight of the 100 × 100 × 6 mm 3 panel was carried out. The parameters of the new type of solar panel structure were used as optimization factors to optimize the structure. new I-shaped beam, which is directly connected to the two layers of aluminum substrate, is proposed in this paper. Its basic structure is shown in Figure 2 .
The structure of the new type of solar panel structure is mainly determined by seven parameters, and B can be determined by
where x = y = 100 mm, A is the distance between the I-shaped beam and the end of the two layers of aluminum substrate, B is the distance between the two I-shaped beams, d is the According to these parameters, the weight of the new type of solar panel can be determined; it is expressed as
where ρ 1 is the density of aluminum alloy and z is the thickness of the new type of solar panel.
Performance Analysis of the Solar Panel

Mechanical Property Measurements.
The performance simulation analysis of the panel structure requires the mechanical properties of the 3D printing material. Therefore, the mechanical properties of the two directions of the 3D printing material need to be obtained. The related introduction to 3D printing is shown in Table 1 . The printing process, printing direction, and size of the sample can be found in the literature [43] . The print direction of samples is shown in Figure 3 . As the mechanical parameters of the two directions are close, we take their means as the input parameters of the simulation analysis. The material performance parameters in the finite element software are shown in Table 2 .
Performance Analysis of Honeycomb Aluminum Plate.
A conventional honeycomb core uses a regular hexagon, and the length of the honeycomb core is l = 2 mm, the thickness of the wall is δ/2 = 0 05 mm [44] , the thickness of the junction of the two units is δ, and the depth is h = 6 mm. In general, the upper and lower plates of a honeycomb aluminum plate are made of a composite material [28] , which makes the comprehensive temperature difference of the honeycomb aluminum plates poor. Therefore, the upper and lower two layers of the honeycomb aluminum plate discussed in this paper were also made of a composite material with a thickness of 1 mm [45] and are shown in Figure 4 , where x, y, and z are 100 mm, 100 mm, 6 mm, respectively. The material performance of the core and upper and lower plates are shown in Table 3 .
According to Figure 4 , the weight of the honeycomb aluminum plate can be obtained.
where ρ 2 is the density of the composite material. For solar panels, the thermal conductivity performance [9] , compression strength [7] , shear strength [27] , and weight of the panels are important. The temperature difference, compression strength, shear strength, and weight were lower, and the temperature difference, strength, and weight of the structure were better; hence, the performance of the honeycomb aluminum plate should be investigated comprehensively. The model of the honeycomb aluminum plate is shown in Figures 5 and 6 , when the on-orbit temperature range of -70-40°C, the surface pressure of 10 MPa, and the concentrated force of 100 N are analyzed in the AutoCAD integrated Sinda thermal analysis software and the Abaqus finite element software, respectively. The grid size is 5 mm, and the analysis results are shown in Figure 7 and Table 4 .
It can be seen from the analysis results that the temperature difference, compressive strength, shear strength, and weight of the honeycomb aluminum plate are not ideal, especially temperature difference. Because the upper and lower two layers are made out of composite material, which has a poor thermal conductivity, and bonding exists between the composite plate and the honeycomb core, contact thermal resistance will be large. The honeycomb core has a hexagonal shape; moreover, the thickness of the wall is low, and the contact area of the upper and lower upper and lower plates is small. In the presence of direct solar radiation, these features will increase the temperature of the composite plate. As the heat cannot be transmitted to the honeycomb core and radiated out of the plate in time, the temperature difference between the upper and lower two layers of the composite plate will increase, increasing the temperature of the solar cell array, which will affect the generating efficiency of the solar cells.
According to the analysis of the honeycomb aluminum plate, the two layers of composite material on the honeycomb core can enhance the compressive strength and Figure 3 : The print direction of samples. 4 International Journal of Aerospace Engineering shear strength of the plate and reduce its weight; however, the poor thermal conductivity performance of the composite material will result in poor thermal conductivity performance of the honeycomb aluminum plate. If the structure of the composite plate is changed to that of the new type of solar panel structure with aluminum alloy material, the compressive strength, shear strength, and weight reduction will be enhanced while maintaining the structure's thermal conductivity performance.
Performance Analysis of the New Type of Solar Panel.
According to the size of the initial honeycomb aluminum plate, the initial structural parameters of the new type of solar panel are A = 1 mm, d = 0 5 mm, z = 6 mm, t = 0 5 mm, and n = 56. Then, according to Equations (1) and (2), B = 1 27 mm and m n = 67 2 g. The temperature difference, compressive strength, and shear strength of the new type Figure 8 and Table 5 .
From the initial performance analysis, it can be seen that the temperature difference, compression strength, and shear strength of the new type of solar panel are better than those of the conventional honeycomb aluminum plate, but the weight is 34.4% higher than that of the conventional honeycomb aluminum plate. To improve the performance of the new type of solar panel, the parameters of the panel structure must be optimized.
Optimization of the New Type of Solar
Panel Structure International Journal of Aerospace Engineering strength should be further improved. Because of its structure, the different I-shaped beam's thermal conductivity performance changes only slightly. Because the composite material and honeycomb core are bonded by an adhesive, the weight of the honeycomb aluminum plate should be 50 g, and the new type of solar panel should be improved to some extent compared to the honeycomb aluminum plate. Based on the above analysis, the optimization target of various performance indexes of the new type of solar panel can be seen in Table 6 .
According to the relationship between optimization parameters and optimization targets, the optimization equation can be expressed as 7 International Journal of Aerospace Engineering the middle will be removed, and the thickness should be increased, so the limit of the thickness z of the solar panel is in the range 3.5-7 mm. The size d of the panel directly affects the thermal conductivity performance and structural strength of the solar panel, and the accuracy of the 3D aluminum alloy printing can be guaranteed at 0.1 mm; therefore, the ranges of d and t are each determined as 0.15-0.5 mm. The number of I-shaped beams will also directly affect the temperature difference and structural strength of the solar panel, as it can increase both the strength and weight of the panel; therefore, the number n is determined to be in the range 50-120, and the range of A is 0.2-1.6 mm according to the above parameters.
In general, the uniform test requires less test times and can greatly improve the optimization efficiency [43] . Therefore, this optimization method was also selected in this study. According to the range of the above five parameters, the parameter-level table of the uniform test is shown in Table 7 . The parameters of these eight tests are input into the Sinda and Abaqus software, and the results of temperature difference, strength, and weight can be obtained, as shown in Table 8 .
The result of the uniform test is to use the linear regression equation to describe the correlation between the parameters and the optimization targets. According to the simulation analysis and calculation results listed in Table 8 In order to better determine the optimization results of the five parameters, we analyzed the impact of each parameter on the target value. In general, the smaller the p value, the greater the impact on the target value, and the greater the impact of the change in the target value. In general, the p value is less than 0.05. The p value analysis results of temperature difference, compressive strength, shear strength, and weight are shown in Table 9 .
From Table 9 , the order of influence of the five parameters on the target values T, σ, τ, and m can be obtained.
The order of influence was
The n and d values have the most significant effects on The value of A has no significant effect on σ, τ, T, and m; therefore, the value of A is moderate. The z value has significant effects on m and T, while the z value has a more significant effect on m and has a small effect on σ and τ; therefore, the z value should be selected to be as small as possible. The t value has the most significant effect on τ, and its effect on σ, T, and m is not significant; therefore, the t value should be large enough. The optimization processes of T, σ, τ, and m are implemented with 1stOpt software. When the expression in Equation (4) is optimized to the target value 0 and the optimization ends, the values of each parameter can be obtained. The optimization process, calculation results, and optimization results are shown in Figure 9 . According to an analysis of the five parameter value results, the final values of the five parameters are selected. They are listed in Table 10 . 
Results Analysis and Test Verification
The optimization results listed in Table 11 were used to establish a new type of solar panel model. The simulation results of temperature difference, compression strength, and shear strength are shown in Figure 10 . By inputting the final values of the five parameters into Equations (5), (6) , (7), and (8), the results of the regression model were obtained. The regression model calculation and simulation results of the temperature difference, compression strength, and shear strength of the new type of solar panel are shown in Table 11 , and the weight of the model is 43.44 g.
In order to evaluate the accuracy of the regression model, the deviation between the calculated values of the regression model and the simulation results and the deviation between the simulation results and the target values can be expressed as
where i represents the optimization targets T, σ, τ, and m; C is the calculation result, S is the simulation result, and T is the target value.
The analysis results of the relative deviations are listed in Table 12 , and the results of the regression model and the simulation result for temperature difference, strength, and weight are 15%, 6.12%, 1.365%, and 3.27%, respectively. 
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The deviations between the calculated results and the target value are 9.09%, 12.7%, 6.88%, and 2.48%, respectively. The results show that the regression model prediction can be used to predict the performance of the new type of solar panel.
Because of the structural features of the honeycomb aluminum plate, mounting holes cannot be drilled into it. The inserts must be added to the plate, and the mounting holes are drilled into the inserts, which are then fixed on the plate. The optimized new type of solar panel is not equipped with holes. In order to save the inserts, the mounting holes are directly printed onto the new type of solar panel, and the model structure of the 3D printing solar panel is shown in Figure 11 . The print direction and support structure of the new type of solar panel are shown in Figure 12 . Generally, the support structure should be printed on the structure in the printing process, which ensures the stability of the printing structure, and the support structure will be cut by wire cutting after printing. The postprocessing steps for the new type of solar panel are obtained from the literature [43] . The pictures of the new type of solar panel after processing are shown in Figure 13 .
The performance of the new type of solar panel relative to the performance of the honeycomb aluminum plate can be expressed as
where H is the performance of the honeycomb aluminum plate.
The analysis results of the relative deviations λ i are shown in Table 13 . It can be seen from Table 13 that the temperature difference, compressive strength, shear strength, and weight of the new type of solar panel are better than those of the honeycomb aluminum plate. The temperature difference is 91.62% higher than that of the honeycomb aluminum plate; that is to say, the temperature rise of the solar cell is not considerable when the new type of solar panel is exposed to direct sun radiation; thus, the efficiency of the solar panel will be higher than that of the aluminum honeycomb plate. For the same load, the compressive strength and Figure 11 : The new type of solar with mounting holes.
Print direction Support structure
After cutting support structure Figure 12 : The print direction of the new type of solar panel and after cutting the support structure.
11
International Journal of Aerospace Engineering shear strength increased by 46.94% and 17.91%, respectively, indicating that the strength of the new type of solar panel structure was higher than that of the honeycomb aluminum plate. The weight was also 10.28% lower than that of the honeycomb aluminum, which is very significant for a large-scale panel satellite.
Discussion
As the honeycomb aluminum panels are all made of composite materials, the honeycomb aluminum core should be glued together with other components after the manufacturing of the honeycomb aluminum core. If the honeycomb aluminum plate is not made of composite material and aluminum alloy substrate is used instead, the connection between the upper and lower substrate and the aluminum honeycomb core should be welded. These two processes are rather tedious, with shortcomings that will affect the overall performance of the honeycomb aluminum plate. At the same time, the conventional honeycomb aluminum plate has a relatively long manufacturing cycle.
The installation of the honeycomb aluminum plate requires inserts, and the holes or threaded holes can be added on them. This kind of pre-embedding process is difficult to master, and it should be carried out during honeycomb aluminum manufacturing, which greatly limits the popularity of the honeycomb aluminum plate.
The temperature difference, pressure strength, shear strength, and weight of the honeycomb aluminum panels for space use are high. Therefore, the requirements for the composite and aluminum alloy materials used are high, and the process of making honeycomb aluminum plates is very long, which increases the cost of manufacturing honeycomb aluminum plates: in general, the cost of honeycomb aluminum plates is more than 150000 US dollars for 1 m 2 . The cycle of production of honeycomb aluminum plates is usually two months, and the period of developing new aluminum honeycomb panels is longer. If the insert's structure is added to the plates, the production and development cycle will increase.
The use of the new type of solar panel can effectively overcome the manufacturing limitations and reduce the costs associated with honeycomb aluminum plates. For the new type of solar panel structure, optimizations are made depending on the required performance according to specified needs. Furthermore, the installation holes are only created in the position that needs to be installed, and the structure can meet performance requirements after printing. In addition, the overall consistency of the structure is better. It only takes 1.5 days to print 100 × 100 × 3 52 mm 3 of the new type of solar panel and only 40 days to print 1 m 2 , which can greatly shorten the development and manufacturing cycle. Moreover, 3D printing can use AA5024 aluminum alloy, which has a better performance than ordinary aluminum and a strength that is 100% higher than that of ordinary aluminum alloy. The cost of printing a 100 × 100 × 3 52 mm 3 panel is 570 US dollars, while the cost of printing 1 m 2 of the new type of solar panel is only 57000 US dollars, which can greatly reduce the cost of manufacturing. These advantages increase the engineering application value of the new type of solar panel.
Conclusions
(1) This paper presents a new method that replaces the conventional aluminum honeycomb panel with a new type of 3D metal printing structure for microsatellites that can address the manufacturing limitations and costs of a conventional aluminum honeycomb plate (2) The multiobjective optimization method is used to optimize the temperature difference, compression strength, shear strength, and weight of the new type of solar panel structure. The relationships between the structural parameters of the panel and the optimal targets are established. Furthermore, the influence of the five factors on optimal targets are analyzed, and a group of better structural parameters are optimized (3) The optimization results are verified via simulation and experiment. The results show that the deviations between the calculated results and the simulation 
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